Mitochondrial degradation is implicated in the irreversible cell damage that can occur during cerebral ischemia and reperfusion. In this study, the effects of 10 min of ventricular fibrillation and 100 min of spontaneous circulation on brain mitochondrial function was studied in dogs in the absence and presence of pretreatment with the Ca 2 + antagonist lidoflazine. Twenty-three beagles were separated into four experimental groups: (i) non ischemic controls (ii) those undergoing lO-min ventricular fibrillation, (iii) those undergoing lO-min ventricular fi brillation pretreated with 1 mg/kg lidoflazine i. v., and (iv) those undergoing lO-min ventricular fibrillation followed by spontaneous circulation for 100 min. Brain mitochon dria were isolated and tested for their ability to respire and accumulate calcium in a physiological test medium. There was a 35% decrease in the rate of phosphorylating respiration (ATP production) following 10 min of com plete cerebral ischemia. Those animals pretreated with lidoflazine showed significantly less decline in phosphor ylating respiration (16%) when compared with nontreated dogs. Resting and uncoupled respiration also declined
Cell viability is strictly dependent on the produc tion and utilization of ATP. In the brain, under aer obic conditions, >80% of ATP is generated by mi tochondrial oxidative phosphorylation (Fiskum, 1983; . As such, mitochondrial synthesis of AT P is essential to maintenance of normal cerebral cellular function.
following 10 min of fibrillatory arrest. One hundred minutes of spontaneous circulation following 10 min of ventricular fibrillation and 3 min of open-chest cardiac massage provided complete recovery of normal mito chondrial respiration. Energy-dependent Ca 2 + accumula tion by isolated brain mitochondria was unimpaired by 10 min of complete cerebral ischemia. However, by 100 min after resuscitation, there was a small, but significant rise in the capacity for mitochondrial Ca 2 + sequestration when compared to either control or fibrillated groups. These findings indicate that: (a) 10 min of complete cere bral ischemia causes a substantial decline in the rate at which cortical brain mitochondria can synthesize ATP; (b) pretreatment with lidoflazine significantly protects the ability of brain mitochondria to synthesize ATP following IO-min ventricular fibrillation, (c) mitochondrial damage is completely reversible by 100 min following restoration of circulation, (d) mitochondrial Ca 2 + uptake is relatively insensitive to the adverse effects of ischemia. Key Words: ATP-Calcium antagonists-Calcium metabolism-Ce rebral resuscitation-Mitochondrial function.
When the supply of O 2 to the brain is interrupted through anoxia or complete ischemia, the supply of AT P in the brain is expended within several minutes. One key event, which occurs when ATP is depleted, is an elevation of the intracellular calcium concentration (Farber, 1982) . Without the AT P needed to drive cellular ionic pumps, cytosolic free calcium concentration will rise from basal levels of �O.l j-lM to a level equal to the extracellular con centration of > 1.0 mM (Fiskum, 1985) . Loss of cal cium homeostasis has been suggested to activate degradative enzymes such as phospholipases (Fiskum, 1985) , initiate membrane lipid peroxida tion (McCord, 1985) , induce vascular spasm (Borgers et al., 1983) , inactivate mitochondrial res piration (Mukherjee et aI., 1979) , induce coagula tive necrosis (Farber, 1982) , and eventually trigger cell death (Borgers et aI., 1983; Van Reempts and Borgers, 1985) .
Prolonged episodes of cerebral ischemia have been shown to impair the ability of brain mitochon dria to synthesize ATP. Various rat models have demonstrated that 30 min of complete cerebral ischemia results in at least a 50% decrease in phos phorylating respiration and a substantial decline in the respiratory control ratio obtained with isolated brain mitochondria (Mela, 1979; Rehncrona et aI., 1979; Siesjo, 1981; Hamud and Fiskum, 1985) . U sing a cardiac arrest model to induce complete ce rebral ischemia in dogs, White et aL (1985) have also demonstrated a 50% decrease in the respira tory control ratio of dog brain mitochondria fol lowing 15 or 45 min of complete cerebral ischemia.
Recovery of mitochondrial respiration following prolonged ischemic episodes in brain has been less extensively studied. Rehncrona et al. (1979) , as wel1 as Mela (1979) , demonstrated complete re covery of rat brain mitochondrial respiration 30 min after a 30-min episode of complete cerebral isch emia. Similar recovery was not found following a 30 min episode of incomplete ischemia. Hillered et aL (1984) found complete recovery of phosphorylating respiration in rat brain mitochondria 30 min after a 15 min episode of forebrain ischemia. Similar re covery was not observed following 30 min of isch emia. White et aL (1985) studied the effect of various forms of cardiopulmonary resuscitation fol lowing 15 min of fibriIIatory arrest in dogs. They found no statistical difference in brain mitochon drial respiration between control animals and an imals receiving 30 min of open-chest cardiopulmo nary resuscitation, while animals treated with inter posed abdominal compression cardiopulmonary resuscitation actual1y demonstrated worsening of injury.
Although it is agreed that plasma membrane Ca2+ transport is the primary determinant of the cytosolic free Ca2+ concentration under fixed, steady-state conditions, much evidence indicates that during an abnormal rise in cellular Ca2+ , mito chondrial Ca2+ transport is also extremely impor tant (Fiskum, 1983; Siesjo, 1981) . Although brain mitochondria possess a particularly high capacity for respiration-dependent Ca2+ accumulation , some evidence indicates that this activity is compromised after prolonged pe riods of cerebral ischemia (Hamud and Fiskum, 1985) . This form of injury would limit the capability of the reoxygenated tissue to establish normal in tracellular Ca2+ levels and could result in additional postischemic mitochondrial damage due to mito chondrial Ca2 + overload (MukheIjee et aI., 1979) .
In the past several years, various calcium antago nists have been used in an attempt to ameliorate the neurological injury incurred following prolonged cerebral ischemia. Various authors have suggested that calcium antagonists provide a protective effect on CBF (White et aI., 1983) , as well as neurological outcome (Winegar et aI., 1983; Steen et aI., 1985; Edmonds et aI., 1985) , in animals subjected to pro longed cardiac arrest and reperfusion. Lidoflazine, in particular, has been shown to prevent significant brain damage following prolonged fibrillatory arrest in some models (Vaagenes et aI., 1984) . The protec tive mechanism of calcium antagonists, however, remains unclear. De Garavil1a et aL (1984) demon strated that diltiazem could abolish the increase in brain calcium seen during the postischemic phase in rats. In ischemic heart muscle, Nayler et aL (1980) demonstrated significant protection of mito chondrial respiration in animals pretreated with ni fedipine and verapamil fol1owing a 90-min ischemic period. Similarly, Wolkowicz et aL (1983) demon strated protection of normal mitochondrial Ca2+ transport properties in rat heart myocardium sub jected to 60 min of complete ischemia following pretreatment with verapamil. To date, the effect of calcium antagonists on brain mitochondrial re sponse to ischemia has not been studied.
Although various authors have examined the ef fects of ischemia on brain mitochondrial function, few studies have examined this problem with a model clinically resembling complete cerebral isch emia in the human. The purpose of this study was to employ a clinically relevant model to examine the effect of prolonged cardiac arrest and reperfu sion on the ability of brain mitochondria to synthe size ATP and sequester Ca2+. In addition, this study was designed to determine the possible pro tective effects of lidoflazine pretreatment on mito chondrial injury during ischemia and recovery.
METHODS
Tw enty-three adult beagles ranging in weight from 7.5 to 17 kg were anesthetized intravenously with 17.6 mg/kg Bio-Tal (thiamylal sodium for injection, USP) and 66 mg/kg chloralose, endotracheally intubated and venti lated at room air with a Harvard animal ventilator. Venti lator settings were adjusted to set PC0 2 between 25-35 (mm Hg), ventilator settings remaining constant there after. Cut-down catheters were placed in both femoral ar teries and the left femoral vein. A defibrillator electrode was inserted through the left jugular vein into the right atrium. ECG and MABP were monitored continuously. A left lateral thoracotomy was performed through the left fourth interspace I min following the intravenous admin istration of I mg/kg succinyl choline. Proper positioning of the defibrillator electrode was then determined man ually. The pericardium was incised, reflected, and a cath-eter inserted into the left atrium. A transventricular elec trode was placed in the right ventricular wall for the pur pose of inducing ventricular fibrillation.
Following preparation, dogs were separated into four experimental groups: (i) nonischemic controls (n = 5); (ii) those undergoing 10 min ventricular fibrillation (n = 5); (iii) those undergoing 10 min ventricular fibrillation in duced 20 min following 1 mg/kg lidoflazine (Janssen Pharmaceutical) infused over 10 min (n = 5); and (iv) those undergoing 10 min ventricular fibrillation followed by restoration of spontaneous circulation for 100 min (n = 8). Ventricular fibrillation was induced through a transventricular electrode via repetitive electrical stimuli from a Grass stimulator. Artificial ventilation was ceased simultaneous with visual verification of fibrillation. No arterial pressure was detectable during ventricular fibril lation. In those dogs resuscitated, open-chest cardiopul monary resuscitation at a rate of 6O/min was initiated si multaneously with mechanical ventilation following 10 min of ventricular fibrillation. At the initiation of resusci tation, sodium bicarbonate (1 mEq/kg) and epinephrine (0.2 mUkg of 1/10,000 solution) were injected through the left atrial catheter. Open-chest cardiopulmonary resusci tation was continued for 3 min at which point internal defibrillation was attempted with a modified implantable defibrillator at 35 J. All dogs were resuscitated with a single shock.
Mitochondrial isolation
At the conclusion of the appropriate experimental pe riod, a 2-g sample of left parietal cortex was surgically removed and processed for mitochondrial studies using a modified Clark and Nicklas (1970) procedure. The brain tissue was cooled to 4°C in mannitol-sucrose plus eth yleneglycol bis(i3-aminoethylether)N,N,N' ,N' -tetraacetic acid (MS + EGTA) medium containing 225 mM man nitol, 75 mM sucrose, 5 mM K-4-(2-hydroxyethyl)-I-pi perazinethanesulfonic acid. (HEPES) (pH 7.2), 1 mg/ml BSA, and 1 mM EGTA. The tissue was minced finely with scissors and washed twice with the MS + EGTA. The minced tissue plus 10 ml of MS + EGTA containing 5 mg of the bacterial protease Nagase were then placed in a Dounce homogenizer. The tissue was manually homog enized using 6 strokes with a loose-fitting glass pestle fol lowed by six strokes with a tight-fitting pestle. The volume of the homogenate was brought to 30 ml with the MS + EGTA medium and centrifuged at 2000 g for 3 min. The pellet was resuspended to 10 ml with the isolation medium and centrifuged at 2,000 g for 3 min. The super natant fractions from these two centrifugations were pooled and centrifuged at 12,000 g for 8 min. The re sulting pellet, containing free mitochondria and synapto somes, was resuspended to 20 ml with MS + EGTA and divided into two tubes. Twenty microliters of 10% digi tonin in dimethylsulfoxide was added to each tube in order to disrupt synaptosomal membranes and release any mitochondria trapped within. The tubes were then centrifuged at 12,000 g for 10 min. The supernatant along with the light layer of the pellet was aspirated and the dark pellet resuspended to 10 ml with MS medium minus EGTA. This was then centrifuged at 12,000 g for 10 min. The pellet was resuspended to 0.1-0.2 ml with MS minus EGTA. Mitochondrial protein concentration was deter mined by a modified biuret reaction using bovine serum albumin (BSA) as standard. The typical protein yield from a single brain sample was 10-13 mg protein.
Mitochondrial respiration
Mitochondrial oxygen consumption was measured po larographically at 30°C with a Clark oxygen electrode (Yellow Springs Instrument Co.) covered with an ul trathin Te flon membrane. The measurements were per formed in a thermostatically controlled glass chamber of 2.3 ml capacity. The medium used in these assays con tained 125 mM KCl, 2 mM K 2 HP04, 1 mM MgCi 2 , 5 mM K-HEPES (pH 7.0) 5 mM malate, and 5 mM glutamate. The solubility of oxygen in the air-saturated, tempera ture-equilibrated medium was taken to be 435 ng-atoms O/ml at 30°C and 760 mm Hg.
A typical oxygen electrode measurement of oxygen consumption by a suspension of normal isolated brain mitochondria is described in Figure 1 . Mitochondria were added at a concentration of 0.5 mg protein/ml to the re spiratory medium, which contained the oxidizable sub strates malate and glutamate. Phosphorylating (State 3) respiration was initiated by the addition of 0.26 mM ADP to the mitochondrial suspension. A slower rate of oxygen consumption followed State 3 respiration once the added ADP had been converted into ATP. The poststate 3 rate of respiration is limited by the turnover of ATP due to the activity of contaminating ATP hydrolases. In order to achieve a true, resting rate of respiration (State 4), which is limited by the proton permeability of the mitochondrial inner membrane, the turnover of ATP must be elimi nated. This was achieved by blocking ATP synthesis by the addition of the mitochondrial ATP synthetase inhib- itor oligomycin (Moreadith and Fiskum, 1984) . After a short period of resting respiration, mitochondrial oxygen consumption was stimulated by the addition of the respi ratory uncoupler carbonylcyanide p-trifluoromethoxy phenylhydrazone (FCCP). This agent maximizes the proton permeability of the mitochondrial inner membrane and provides a rate of uncoupled respiration (State 3u) that is limited by the rate of electron flow through the mitochondrial electron transport chain. Theoretically, this rate should be greater than or equal to the rate of ADP-stimulated respiration. In these mitochondrial sus pensions, concentrations of FCCP that are optimal for re spiratory uncoupling apparently also result in partial re spiratory inhibition and therefore lead to rates of State 3u respiration that are slightly lower than the rates of State 3 respiration. The degree to which the mitochondrial respi ration is coupled to oxidative phosphorylation is reflected by the respiratory control ratio which is defined in this study as the rate of State 3 respiration divided by the rate of State 4 respiration. The respiratory control ratio of 13.6 obtained for these mitochondria indicates that their energy coupling efficiency was high.
Mitochondrial calcium uptake
The ability of mitochondria to sequester calcium was measured with an Ionetics Ca 2 + electrode at 30°C in the same medium used for the respiratory experiments sup plemented with an additional 3 mM MgCl z and 3 mM Na 2 ATP. The pH of the medium was continuously moni tored and adjusted to pH 7.0 with KOH or HCI as neces sary. The response of the electrode was calibrated against known free calcium concentrations using a calcium EGTA buffer system (Portzehl et aI., 1964) .
A representative Ca 2 + electrode determination of res piration-dependent Ca 2 + accumulation by a suspension of dog brain mitochondria is shown in Figure 2 . The addi tion of isolated mitochondria to the test medium, which contained respiratory substrates (malate plus glutamate) and ATP, resulted in little change in the free-Ca z + con centration of the medium. The addition of 44 nmol CaCl z per milligram of mitochondrial protein caused a large in crease in the Ca 2 + concentration followed by a rapid de-
Calcium electrode tracings describing method for measuring the Ca2;-uptake capacity of isolated brain mito chondria. Mitochondria were added to a medium similar to that described in Figure 1 except that 4 mM MgCI 2 and 3 mM Na 2 ATP were present. Exogenous CaCI 2 was added at a con centration of 44 nmol/mg protein every 5 min until the mito chondria were unable to sequester any further Ca2+. An ad dition of 5 mM malate plus 5 mM glutamate was made every 20 min to ensure a continuous source of respiratory sub strates. Response of the Ca2+ electrode was calibrated against known free-Ca2+ concentrations using a Ca2+-eth yleneglycol bis(�-am i noethylether)N, N, N' ,N' -tetraacetic acid buffer system. cline to a steady-state "buffer-point" of � 2 J.LM. Multiple subsequent additions of calcium were followed by com plete reuptake of Ca z + by the mitochondria. At a total added calcium level of 352 nmolimg protein (8 additions), the mitochondrial buffer-point for medium free Ca 2 + began to rise. At a total level of 484 nmol added calcium per milligram protein (II additions), the mitochondria were still able to accumulate nearly all of the added Ca 2 +. This was taken as their maximum uptake capacity since the subsequent addition of Ca 2 + was not followed by fur ther accumulation.
Statistical analysis
Statistical analysis of data was performed using one way analysis of variance with comparison of means by t test with nineteen degrees of freedom. Probability <0.05 was considered significant.
RESULTS

Mitochondrial respiration
A comparison of the different rates of respiration and respiratory control ratios for brain mitochon dria isolated from the different groups of animals is shown in Ta ble 1. There was a 35% decrease in the rate of oxidative phosphorylation following 10 min of complete cerebral ischemia, as demonstrated by a decrease in State 3 respiration from 170 ± 12 to III ± 6 ng-atoms O/min/mg mitochondrial protein after 10 min fibrillatory arrest (p < 0.001). By 100 min after recirculation, State 3 respiration had re turned to baseline (165 ± 21 ng-atoms O/min/mg). Those animals pretreated with lidoflazine showed significantly less decline (16%) in State 3 respira tion (143 ± 7 ng-atoms O/min/mg) following 10 min ventilatory fibrillation when compared to non treated animals (p < 0.01). Lidoflazine pretreat ment had no effect on mitochondria isolated from control animals (data not shown). Resting, State 4 respiration also decreased following 10-min fibrilla tion, from 15 ± 4 to 10 ± 2 ng-atoms O/min/mg (p < 0.01). Neither pretreated nor resuscitated dogs demonstrated significant differences in State 4 mi tochondrial respiration when compared to either control or fibrillated animals. Uncoupled (State 3u) respiration decreased by over 50% following 10 min of complete cerebral ischemia (p < 0.01). Pretreat ment with lidoflazine significantly protected uncou pled respiration when compared to nontreated an imals subjected to fibrillatory arrest (p < 0.025), as expected from the effect of lidoflazine on State 3 respiration. The rates of uncoupled respiration for both pretreated and resuscitated dogs did not differ significantly from that of the control animals. The respiratory control ratio did not differ significantly from control (12 ± 2) in either fibrillated (11 ± 2) or lidoflazine pretreated (11 ± 1) dogs because of . Surprisingly, by 100 min after resuscitation, the respiratory control ratio (14 ± 2) was signifi cantly greater than either that for control (p < 0.05), fibrillated (p < 0.02) or pretreated animals (p < 0.01).
Mitochondrial calcium accumulation
The average maximum capacity for Ca2+ accu mulation by brain mitochondria isolated from dif ferent experimental groups of animals is summa rized in Ta ble 1. There appeared to be a small de crease in Ca2+ accumulation by mitochondria from dogs subjected to lO-min fibrillation either without or with lidoflazine pretreatment when compared with mitochondria from control animals. These dif ferences were not, however, statistically signifi cant. By 100 min after resuscitation, there was a significant rise in the mitochondrial capacity to se quester calcium when compared to either control (p < 0.02), fibrillated (p < 0.01), or pretreated dogs (p < 0.001).
DISCUSSION
The present study demonstrates that 10 min of ventricular fibrillation substantially impairs the ability of isolated brain mitochondria to carry out oxidative phosphorylation. This finding is qualita tively similar to results obtained with a similar ca nine model of cardiac arrest and resuscitation (White et aI., 1985) , as well as with other animal models of cerebral ischemia, e.g., those employing occlusion of the great vessels (Mela, 1979; Rehn crona et aI., 1979; Hillered et aI., 1984) or simple decapitation (Hamud and Fiskum, 1985) . However, in most of these studies, mitochondria were iso lated by procedures that minimize contamination with synaptosomes and therefore select for glial cell mitochondria and select against neuronal mito chondria. The procedure used in the present study disrupts synaptosomal vesicles thereby liberating many of the neuronal mitochondria and providing a population of isolated mitochondria that is repre sentative of both glial and neuronal tissue. The dif ference in isolation procedures may also explain why the rates of oxygen consumption for isolated canine brain mitochondria shown in Ta ble 1 are considerably higher than those reported by White et al. (1985) . No significant decline in the mitochondrial respi ratory control ratio was observed for any of the fi brillated or resuscitated groups of animals. This finding is in contrast to that of White et al. (1985) , who observed a 50% reduction in the respiratory control ratio of isolated canine brain mitochondria after 15 min of cardiac arrest. This difference can be at least partially attributed to the fact that a slight decrease in resting (State 4) respiration after ischemia alone was observed (Table 1) , whereas an apparent increase in State 4 respiration was re ported in the previous study. The decrease in State 3 respiration in the absence of a decrease in the re spiratory control ratio implies that damage to the systems involved in oxidative phosphorylation oc curred in the absence of generalized disruption of the mitochondrial inner membrane. This interpreta tion is supported by two other observations. First, 10 min of cerebral ischemia had no significant effect on the ability of isolated mitochondria to accumu late and retain large loads of Ca2 +, whereas it is well known that an increase in the permeability of the mitochondrial inner membrane decreases the mitochondrial Ca2+ uptake capacity (Fiskum and Lehninger, 1982) . Second, in addition to inhibition of State 3 respiration, uncoupler-induced respira tion (State 3u) was significantly depressed after 10 min of complete cerebral ischemia. This finding in dicates that the mitochondrial electron transport chain per se was damaged during the ischemic epi sode. Since the percentage of inhibition of State 3u respiration is comparable to that of State 3 respira tion, it is likely that the respiratory chain is also the site of inhibition of phosphorylating respiration under the conditions used in these experiments.
The results shown in Ta ble I also indicate that 10 min of ischemia-induced damage to brain mito chondrial respiration was completely reversible after 100 min of spontaneous cerebral reperfusion. Furthermore, the mitochondrial Ca2+ uptake ca pacity of the resuscitatied animals is actually slightly higher than that of the control animals. The biochemical basis of recovery from ischemic cel lular damage is poorly understood, but probably in volves the biosynthesis of proteins as well as mem brane lipids. The results obtained in the present study together with those reported earlier for a rat model of cerebral ischemia and reperfusion (Hil lered et aI., 1984) indicate that the brain possesses an impressive ability to reverse the process of mi tochondrial damage, at least for a period of a few hours after 10-15 min of complete ischemia. The most important observation made in this study is that pretreatment of dogs with the Ca2 + antagonist lidoflazine significantly protects brain mitochondria from respiratory injury following 10 min of ventricular fibrillation. Although some inhi bition of both State 3 and State 3u respiration was apparent with mitochondria from pretreated dogs, it represented <50% of the damage incurred by un treated animals. In contrast to its effect on mito chondrial respiration, lidoflazine pretreatment had no detectable influence on the capacity of isolated brain mitochondria to accumulate Ca2+. This finding is consistent with the observation that the Ca2+ uptake capacity of mitochondria from un treated, fibrillated animals was essentially equiva lent to that of the control animals.
Protection against ischemia-induced mitochon drial respiratory damage by lidoflazine strongly suggests that this drug can act directly on the isch emic tissue. Although it has been reported that Jido flazine improves short-term neurological function during postischemic cerebral reperfusion (Vaagenes et aI., 1984) , recent evidence indicates that it may not act solely by improving CBF (Dean et aI. , 1984) , as was originally suggested. Thus, during both ischemic and postischemic conditions, lidofla zine may directly inhibit Ca2+ influx into nervous tissue, thereby ameliorating the cellular injury known to be associated with abnormally high levels of intracellular Ca2+. In the present study, the pro tective activity of lidoflazine may be attributed to the indirect inhibition of Ca2+ -activated degrada tive enzymes; e.g., phospholipases and proteases. Alternatively, by affecting the efflux of adenine nu cleotide metabolites (Van Belle et aI., 1986) , lidofla zine may lower the rate of depletion of cellular ATP and possibly decrease residual glycolysis and asso ciated intracellular lactic acidosis.
Administration of calcium antagonists has been shown to be neuroprotective in certain models of cerebral ischemia and reperfusion (Vaagenes et aI., 1984; Steen et aI., 1985; Edmonds et aI., 1985) . While pretreatment with these agents is not feasible for all victims of cardiac arrest, some degree of neuroprotection appears to be afforded with pro phylactic treatment, perhaps extending the viability of cells exposed to prolonged periods of ischemia.
